Aims/hypothesis We determined whether: (1) an acute lipid infusion impairs skeletal muscle AMP-activated protein kinase (AMPK)α2 activity, increases inducible nitric oxide synthase (iNOS) and causes peripheral insulin resistance in conscious, unstressed, lean mice; and (2) restoration of AMPKα2 activity during the lipid infusion attenuates the increase in iNOS and reverses the defect in insulin sensitivity in vivo. Methods Chow-fed, 18-week-old C57BL/6J male mice were surgically catheterised. After 5 days they received:
Results Lipid treatment decreased AMPKα2 activity, increased iNOS abundance/activation and reduced whole-body insulin sensitivity in vivo. AICAR increased AMPKα2 activity twofold; this did not suppress iNOS or improve whole-body or tissuespecific rates of glucose uptake during Lipid treatment. AICAR caused a marked increase in insulin-mediated glycogen synthesis in skeletal muscle. Consistent with this latter result, lean α2-KD mice exhibited impaired insulin-stimulated glycogen synthesis even though muscle glucose uptake was not affected. Conclusions/interpretation Acute induction of insulin resistance via lipid infusion in healthy mice impairs AMPKα2, increases iNOS and causes insulin resistance in vivo. However, these changes do not appear to be interrelated. Rather, a functionally active AMPKα2 subunit is required for insulin-stimulated muscle glycogen synthesis. Rates of glucose disappearance R g Tissue-specific indices of muscle glucose uptake ZMP 5-Amino-4-imidazolecarboxamide ribotide
Introduction
Skeletal muscle is the largest organ in the human body and the primary site of insulin-stimulated glucose uptake and metabolism [1] . Any impairment in these processes plays an integral role in the development of metabolic disease states, notably obesity and type 2 diabetes. A major therapeutic option for obesity and type 2 diabetes are the biguanide or thiazolidinedione classes of glucoselowering drugs, which enhance rates of skeletal muscle glucose uptake and storage [2] . While the exact signalling mechanism(s) responsible for this phenomenon is (are) unclear, a common mechanistic link involves the activation of AMP-activated protein kinase (AMPK), a serine-threonine αβγ heterotrimer thought to act as a regulator of skeletal muscle glucose fluxes [3] . Indeed, the metal binding properties of biguanides appear to regulate the activation of AMPK [4] . Pharmacological activation of AMPKα2 is associated with improved insulin sensitivity [5] [6] [7] . The mechanism(s) by which AMPKα2 mediates this process is(are) unclear, although one possible mechanism relates to suppression of inducible nitric oxide synthase (iNOS). iNOS, an isozyme of the nitric oxide synthase family, plays a role in a number of biological processes, including pathological conditions such as insulin resistance. In skeletal muscle, iNOS abundance is enhanced in obesity and type 2 diabetes [8, 9] . Deletion of iNOS improves insulin sensitivity [8, 10] and intracellular insulin signalling [11] in animal models of insulin resistance. In cell cultures, reduced AMPKα activation is associated with enhanced iNOS production [12] , whereas pharmacological activation of AMPKα reduces iNOS levels [12, 13] . Obesity and insulin resistance are associated with impaired skeletal muscle AMPKα2 activation [6, 14, 15] , although not all studies have observed this [16, 17] . Nevertheless, it is possible that the impaired skeletal muscle AMPKα2 activation seen in obesity and type 2 diabetes contributes to the elevated iNOS levels seen in these metabolic disease states. Due to the many complexities involved in obesity and type 2 diabetes, the association between AMPKα2 and iNOS is difficult to pinpoint.
The aim of this study was to elucidate the role of skeletal muscle AMPKα2 in insulin resistance, without the associated complications of chronic obesity. Specifically, we tested the hypothesis that: (1) an acute lipid emulsion infusion that results in insulin resistance would impair skeletal muscle AMPKα2 activity in vivo in lean healthy mice; (2) impaired AMPKα2 activity would lead to enhanced levels of iNOS in skeletal muscle; and (3) the restoration of AMPKα2 activity during the lipid infusion (via infusion of the AMPK activator AICAR) would reverse the defect in insulin sensitivity in vivo by suppressing iNOS.
Methods
Animal maintenance The principles of laboratory animal care were followed. Procedures were approved by the Vanderbilt University Animal Care and Use Committee. Male, 18-weekold C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA) and 16-week-old C57BL/6 mice expressing a musclespecific kinase-dead Ampkα2 (also known as Prkaa2) subunit (α2-KD) [18] were used. All mice were fed a standard chow diet (5001 Laboratory Rodent Diet; Purina, Richmond, IN, USA) with free access to water.
Surgical procedures At 5 days prior to the experiment, mice underwent surgery to catheterise the left common carotid artery and right jugular vein as described previously [19] , with the modification that mice were anaesthetised with isofluorane. Mice were housed individually after surgery and were within 10% of the pre-surgery weight on the day of study.
Intralipid infusion and hyperinsulinaemic-euglycaemic clamp protocols Between 07:00 and 08:00 hours mice were placed into new cages containing bedding, but no food and water, and underwent one of four protocols ( Fig. 1 ) as follows.
Protocol 1: lipid emulsion (Lipid treatment; 5 ml kg
Intralipid+6 U/h heparin) or an equivalent volume of saline (Control) was infused for 5 h (t0−300 to 0 min). Arterial blood samples were taken hourly. At t00 min, mice were killed with pentobarbital sodium, and skeletal muscle groups were excised, snap-frozen in liquid nitrogen and stored at −80°C. Protocol 2: mice received Lipid treatment or Control as above, followed by a 2 h hyperinsulinaemic-euglycaemic clamp (insulin clamp; 4 mU kg −1 min −1 [19] ) beginning at t00 min. Lipid or Control treatments were continued throughout the insulin clamp. To prevent a fall of >5% in packed cell volume during the insulin clamp, mice received saline-washed erythrocytes from donors throughout the experimental period (1 μl/min from t0−240 to 0 min; 4 μl/min from t00 to 120 min).
Following the final blood sample, mice were anaesthetised and killed, and tissues were collected. In a separate study, α2-KD mice that had fasted for 5 h underwent a standard 2 h insulin clamp [19] to determine insulin-stimulated glycogen synthesis.
Plasma analyses Arterial glucose was determined from ∼5 μl arterial blood using a monitor (Accu-Chek Advantage; Roche Diagnostics, Indianapolis, IN, USA). Immunoreactive plasma insulin was assayed with a double antibody method [21] . Plasma NEFA were measured spectrophotometrically (NEFA C kit; Wako Chemicals, Richmond, VA, USA). Plasma lactate was measured enzymatically [20] . Plasma for [3- 3 H]glucose and 2-[ 14 C]DG measurements was deproteinised with Ba(OH) 2 and ZnSO 4 , and an aliquot was counted either directly or after being dried to remove 3 H 2 O [19] .
Tissue preparation Whole-cell lysates from the gastrocnemius muscle were prepared as described [20] . Protein content was determined using the Bradford method. Following extraction with perchloric acid, adenine nucleotides were measured by HPLC [22] and glucose-6-phosphate via enzymatic methods [23] . Tissue samples for 2-[ ]DG-phosphate were determined as described [20] . Glycogen was determined using the method of Chan and Exton [24] .
Assays AMPKα2 and -α1 activity was measured following immunoprecipitation as described [20] . AMPK activity in the immune complexes was measured in the presence of 200 μmol/l AMP and calculated as incorporation of phosphate into the SAMS peptide (100 μmol/l; GenWay Biotech, San Diego, CA, USA), expressed as pmol min
of protein subjected to immunoprecipitation. iNOS activity was measured as described previously for total NOS activity [20] , except that EGTA (1 mmol/l) was added to the assay buffer to inhibit Ca 2+ -dependent NOS activity (i.e. neuronal and endothelial NOS isozymes) and the assay was performed for 25 min at 37°C. iNOS activity was calculated as conversion of L-
Glycogen synthase (GS) and glycogen phosphorylase activity was assessed as described [25] .
Immunoblotting AMPKα2 protein levels and acetyl-CoA carboxylase (ACC)β abundance/Ser 221 phosphorylation were determined from 100 μg whole-cell lysate. Proteins were separated using gels (NuPAGE 4-12% (vol./vol.) BisTris Gels; Invitrogen, Carlsbad, CA, USA). Blots were probed with an AMPKα2 goat polyclonal (Santa Cruz, Santa Cruz, CA, USA) or ACCβ Ser 221 rabbit polyclonal antibody (Cell Signaling, MA, USA), respectively. ACCβ protein abundance was detected using IRDye 800-labelled 221 was detected with an IRDye 800-conjugated anti-goat or anti-rabbit IgG. An IRDye 700-conjugated antimouse IgG secondary antibody (Rockland Immunochemicals) was used for GAPDH. iNOS abundance was determined in Protocol 1 by immunoprecipitation of iNOS on 500 μg protein using Recomb protein A beads and 2 μg of a mouse iNOS monoclonal antibody (BD Biosciences, San Jose, CA, USA). In Protocol 3, iNOS abundance was determined from 100 μg whole-cell lysate.
Calculations EndoR a and R d were determined using Steele's non-steady-state equations [26] . EndoR a was determined by subtracting the exogenous glucose infusion rate (GIR) from total R a . Whole-body glycolytic rates were estimated from the increment per unit time of 3 H 2 O multiplied by estimated body water (assumed to be 60% of body weight) and divided by [3- 3 H]glucose-specific activity. The appearance of 3 H 2 O was determined by linear regression of samples from t080 to 120 min. The whole-body glycogen synthesis rate was calculated as the R d minus the whole-body glycolytic rate. To determine insulin-stimulated muscle glycogen synthesis, the specific activity of gastrocnemius [3- 3 H]glucose was multiplied by gastrocnemius glycogen content and divided by the specific activity of plasma [3- 3 H]glucose. Indices of tissue-specific clearance of 2-[ 14 C]DG (K g ) and R g were calculated as described [27] . Per cent of cardiac output to gastrocnemius muscle was calculated as described [20, 28] .
Statistical analyses Data are mean ± SEM. Statistical analysis was performed using a Student's t test, one-way ANOVA or two-way repeated measures ANOVA where appropriate, with the statistical software package SigmaStat (Systat Software, San Jose, CA, USA). If the ANOVA was significant (p<0.05), specific differences were located using Fisher's least significant difference (LSD) test.
Results
Acute lipid-induced insulin resistance impairs skeletal muscle AMPKα2 activation and enhances iNOS levels After 1 h of lipid treatment (Protocol 1; Fig. 1a ), plasma NEFA levels were significantly elevated compared with Control (2.7±0.5 vs 1.2±0.2 mmol/l, respectively; p<0.05) and remained elevated over the subsequent 4 h (Fig. 2a) . Lipid treatment did not alter arterial glucose (6.0±0.4 vs 5.7±0.3 mmol/l for Control) or plasma insulin levels (0.46 ± 0.03 vs 0.36 ± 0.10 nmol/l, respectively). Lipid treatment reduced gastrocnemius AMPKα2 activity by 25±7% compared with Control (p<0.05) (Fig. 2b) . This was not due to alterations in AMPKα2 protein levels (82±4 vs 83±2 arbitrary units for Control) or adenine nucleotide levels (Table 1) . Gastrocnemius AMPKα1 activity (Fig. 2b) and ACCβ Ser 221 phosphorylation (Fig. 3f) were not significantly altered. Lipid treatment increased gastrocnemius iNOS abundance (Fig. 2c) and activity (Fig. 2d) ∼1.5-fold.
Plasma NEFA levels remained elevated throughout the subsequent 2 h insulin clamp (Protocol 2; Fig. 1b ) in Lipid treatment mice (Fig. 3a) , which were also insulin-resistant, as evidenced by a 51±6% reduction in the GIR required to maintain euglycaemia during the insulin clamp (Fig. 3b, c) . This occurred despite significantly higher plasma insulin levels (2.1±0.3 vs 1.0±0.1 nmol/l for Control; p<0.001). In Control mice, insulin markedly suppressed AMPKα2 and -α1 activity (Fig. 3d, e) , and ACCβ Ser 221 phosphorylation (Fig. 3f) . Insulin suppressed AMPKα2 activity in Lipid treatment mice (Fig. 3d) , although the relative suppression was attenuated compared with Control mice (45±3 vs 63± 3%, respectively; p 00.001). Insulin did not suppress AMPKα1 activity in Lipid treatment mice (Fig. 3e) , while ACCβ Ser 221 phosphorylation was suppressed to similar levels to those in Control mice (Fig. 3f) .
AICAR increases skeletal muscle AMPKα2 activity Given that Lipid treatment-induced impairment of skeletal muscle AMPK signalling was associated with insulin resistance and enhanced iNOS activation, we determined whether activation of AMPKα2 (via the AMPK activator AICAR) during lipid infusion (Protocol 3; AICAR (glucose 10±3 mg kg
from that required at 10 mg kg
Gastrocnemius ATP, ADP and AMP levels were not altered in response to AICAR by the end of the insulin clamp (Fig. 4a) . However, 5-amino-4-imidazolecarboxamide ribotide (ZMP) levels increased to ∼75% of AMP levels (Fig. 4b) . In line with increased ZMP, gastrocnemius AMPKα2 activity (Fig. 4c) and ACCβ Ser 221 phosphorylation (Fig. 4d) were ∼2.5-fold greater at the end of the insulin clamp in AICAR-infused mice. AMPKα1 activity remained unchanged (data not shown). The increase in AMPKα2 activity did not impact on iNOS levels (Fig. 4e) or iNOS activity (Fig. 4f) .
AICAR infusion does not improve whole-body insulin sensitivity during acute hyperlipidaemia Infusion of AICAR during Lipid treatment (i.e. t0−240 to 0 min) did not alter plasma insulin levels (Fig. 5a ). However, AICAR did require an exogenous glucose infusion, with 10±3 mg kg
−1 needed at t00 min to maintain glucose at similar levels to those in saline-infused mice (Fig. 5b, c) . The GIR requirement in response to AICAR infusion was due to suppressed EndoR a (Fig. 5d) , as opposed to altered R d , which was unchanged in AICAR-vs saline-infused mice (Fig. 5e ). AICAR infusion also significantly increased plasma lactate levels (Fig. 5f ). AICAR infusion prior to and during the 2 h insulin clamp did not alter insulin-stimulated GIR (Fig. 5c) . Insulin as such suppressed EndoR a , while AICAR plus insulin exerted an additive effect on EndoR a suppression, resulting in reduced absolute rates of EndoR a at the end of the insulin clamp compared with saline-infused mice (Fig. 5d) . However, the insulin-stimulated reduction of EndoR a (i.e. from t00-120 min) was similar between AICAR-and salineinfused mice (decreases of 15±3 vs 13±5 mgkg −1 min −1 , respectively). Insulin increased R d (Fig. 5e) , however no additive effect of AICAR was observed. Plasma lactate levels at the end of the insulin clamp remained elevated in AICAR-infused mice (Fig. 5f ). AICAR did not alter the per cent cardiac output to gastrocnemius muscle at the end of the insulin clamp (data not shown). The results described above suggest that a pharmacological increase in skeletal muscle AMPKα2 activity (via AICAR) is not sufficient to induce alterations in wholebody glucose disposal (i.e. R d ). To rule out the possibility that the order of AICAR and insulin infusions was a factor in determining results, a subset of mice underwent an insulin clamp that commenced during the last 90 min of Lipid treatment (i.e. t0−90 to 0 min), followed by a 2 h AICAR infusion (i.e. t00-120 min; Protocol 4; Fig. 1d ). Insulin Values are in μmol/g, and are given as mean ± SEM for n05 (Control) and n06 (Lipid treatment)
Lipid treatment was by 5 h infusion of 5 ml kg AICAR infusion in vivo increases rates of insulin-stimulated glycogen synthesis Despite no change being observed in R d , whole-body glycolytic rates, interestingly, were suppressed during the 4 h AICAR infusion (i.e. t0−240 to 0 min), while glycogen synthesis rates were elevated (Fig. 6a, b) . Insulin suppressed glycolytic rates and increased synthesis rates regardless of AICAR or saline infusion. However, glycolysis remained attenuated and synthesis enhanced in mice receiving AICAR and insulin. Likewise, gastrocnemius glycogen levels were significantly elevated in AICAR-plus insulin-infused mice (Fig. 6c) , as was the rate of [3-3 H] glucose incorporated into muscle glycogen (i.e. enhanced glycogen synthesis) (Fig. 6d) . However, gastrocnemius R g did not differ between AICAR plus insulin and saline plus insulin mice (Fig. 6e) , findings also observed in other muscle groups (data not shown). Glucose-6-phosphate levels were elevated ∼30% in mice infused with AICAR and insulin (p00.1) (Fig. 6f) , while GS (Fig. 6g ) and glycogen phosphorylase (Fig. 6h) activities were unchanged.
A kinase-dead AMPKα2 subunit in skeletal muscle impairs insulin-mediated glycogen synthesis in vivo The above data indicated a role for AMPKα2 in determining the cellular fate of glucose. To determine whether activation of AMPKα2, as opposed to an AMPKα2-independent effect of AICAR, accentuated insulin-stimulated glycogen synthesis, lean, otherwise healthy α2-KD mice underwent an insulin clamp. Such α2-KD mice have essentially no skeletal muscle AMPKα2 activity at rest or in response to physiological stimuli such as exercise [20] . Interestingly, iNOS activity was significantly elevated in α2-KD mice following a 5 h fast (2.2±0.4 vs 0.5±0.3 pmol min
for wild-type; p<0.02).
No differences between α2-KD and wild-type mice were observed with respect to blood glucose, GIR, EndoR a , and R d during the insulin clamp (Fig. 7a-d) . However, in α2-KD mice, skeletal muscle glycogen was significantly lower (Fig. 7e) , the rate of [3- 3 H]glucose incorporation into skeletal muscle glycogen was reduced by 47±10% (Fig. 7f) and there was a strong tendency for reduced rates of whole-body glycogen synthesis (0.35±0.07 vs 0.51±0.05 for wild-type; p00.08). Thus, a functionally inactive AMPKα2 subunit in skeletal muscle is associated with impaired insulinstimulated glycogen synthesis.
Discussion
Obesity and insulin resistance are associated with impaired AMPKα2 activation [14] and enhanced iNOS abundance/ activation [9] in skeletal muscle. Direct evidence for an AMPKα2-iNOS axis is unclear and the ability to test a casual relationship is confounded by the many complications associated with these chronic metabolic disease states. Here, we show that in healthy mice, the induction of acute hyperlipidaemia reduces skeletal muscle AMPKα2 activity and increases iNOS levels/activation in vivo. However, a Data are mean ± SEM for n011-12 (a, b) and n05-7 (c-f); *p<0.05 vs corresponding saline value reduction of AMPKα2 activity is not required for the lipidinduced increase of iNOS. Nor is an active AMPKα2 subunit required for improved insulin-stimulated muscle glucose uptake or whole-body insulin action. Indeed, rescue of the lipidinduced impairment of AMPKα2 activity via AICAR infusion did not improve whole-body insulin-stimulated glucose uptake. Rather, in lipid-infused mice, pharmacological activation of AMPKα2 in skeletal muscle was associated with an increase in the percentage of glucose taken up and directed into glycogen under insulin-stimulated conditions. This finding was supported by the demonstration of impaired insulinstimulated glycogen synthesis, but not glucose uptake, in lean mice expressing a dominant-negative mutation of the Ampkα2 subunit in skeletal muscle. A major question arising from our collective studies is how AICAR can alter muscle glycogen synthesis independently of alterations in key determinants of glucose uptake and glycogen synthesis and degradation. Our finding is not unique. In high fat-fed rats, the injection of AICAR (250 mg/kg) 24 h prior to an insulin clamp did not alter insulin-stimulated R d or R g in red quadriceps muscle, yet red quadriceps glycogen synthesis increased [5] . In that study, glucose-6-phosphate, GS and glycogen phosphorylase were not assessed. While we do not have conclusive evidence, we believe that the effect of AICAR on the modulation of muscle glycogen synthesis is mediated via AMPKα2. It has been shown that the addition of AICAR (2 mmol/l) to rat muscle made insulin-resistant via palmitate incubation improved insulin-stimulated glycogen synthesis (6 nmol/l insulin) in vitro, an effect which was ablated in the presence of an AMPK inhibitor [35] . Nevertheless, in that study [35] AICAR did induce a small, albeit significant increase in insulin-stimulated glucose transport at 6 nmol/l insulin, and a ∼65% increase in glucose-6-phosphate levels. Glucose-6-phosphate levels were elevated ∼30% in our study, and while this was not statistically significant (p00.1), one cannot discount the possibility that this increase is enough to elicit a change in intramuscular glucose metabolism in vivo. Interestingly, AICAR also increases glycogen synthesis in insulinresistant muscle in vitro in response to 0.6 nmol/l insulin [35] . Unfortunately, glucose-6-phosphate levels and glucose transport rates were not assessed at this tenfold lower insulin dose, although one would expect these variables to be attenuated.
It cannot be ruled out that our findings are in part due to offtarget effects of AICAR. Other, more specific AMPK activators are now available (e.g. A-769662). However, it has been shown that this compound is selective for AMPKβ1 heterotrimeric complexes, which represent a small fraction of AMPK heterotrimers in skeletal muscle [36] . As with AICAR, off-target effects of A-769662 have also been observed [36] . Alternatively, while the majority of evidence suggests that AICAR-AMPKα2 is not involved in the regulation of glycogen phosphorylase [37, 38] , it is possible that AICAR-AMPKα2 altered the targeting of GS. However, in insulinresistant muscle, activation of AMPK via AICAR does not alter GS activity or key GS phosphorylation sites [35] . Similarly, the total activity of protein phosphatase-1, a major glycogen targeting subunit [39] , appears to be unaltered in response to an Intralipid infusion [40] .
A key difference between our current study and almost all previous in vivo studies is the dose of AICAR infused and also the plasma insulin concentration. This is not a trivial point. Thus here we observed increased AMPKα2 activity at 1 mg kg −1 min −1 AICAR, a much lower dose than the 7.5 to 10 mg kg −1 min −1 used by others [29, 30, 33] , who also observed elevated R d and muscle glucose uptake. Given that AICAR increases ZMP (an AMP analogue) and thus ZMP:ATP, it is possible that the elevated rates of muscle glucose uptake seen with higher AICAR doses are at least partially AMPKα2-independent. An example of this relates to gene transcription. Stoppani et al [34] saw increased AMPKα2 activation and enhanced transcription of uncoupling protein 3 and hexokinase II in response to 1,000 mg/kg AICAR, an effect that was accompanied by hypoglycaemia and elevated blood lactate levels. Reducing the total AICAR dose to 30 mg/kg still increased skeletal muscle AMPKα2 activation and transcription of uncoupling protein 3 and hexokinase II, but did not alter blood glucose or lactate levels [34] . Similarly, it has been shown that AICAR-, but not insulin-stimulated glycogen synthesis is impaired in α2-KD mice in vitro [38] . This differs from our current finding, whereby α2-KD mice exhibited a reduction of insulin-stimulated glycogen synthesis. However, Hunter and colleagues incubated muscles with 60 nmol/l of insulin [38] , well above the higher end of the physiological range used in the present study (average of ∼1.5 nmol/l across all studies).
Our findings are consistent with studies showing that: (1) a constitutively active AMPKα2 subunit (via a R225Q mutation in Ampkγ3 [also known as Prkag3]) is associated with elevated muscle glycogen levels following feeding, fasting or the post-exercise period [41, 42] ; and (2) 10 weeks of metformin treatment increases basal AMPKα2 activity and muscle glycogen levels in humans [7] . It should also be noted that an acute Intralipid infusion, shown here to reduce AMPKα2 activity, also reduces skeletal muscle glycogen synthesis [43] . Our finding that skeletal muscle glycogen synthesis is impaired in α2-KD mice demonstrates that AMPKα2 plays a role in this process. However, our findings differ from those of Viollet et al [44] , who found impaired muscle glycogen synthesis in Ampkα2 −/− mice (global deletion of Ampkα2), but not in α2-KD mice (muscle-specific mutation) during an in vivo insulin clamp. The reason for this difference is unclear, especially when considering that basal GS activity in vitro is markedly increased in skeletal muscle of Ampkα2 −/− [45] , but not in α2-KD mice [18] . ) or an equivalent volume of saline, followed by a 2 h insulin clamp on (a) whole-body rates of glycolysis and (b) glycogen synthesis, expressed as a fraction of whole-body R d . Lipid treatment at 5 ml kg −1 h −1 Intralipid+6 U/h heparin was administered throughout. (c) Also shown are gastrocnemius glycogen content, (d) H]glucose incorporation into glycogen, (e) the glucose metabolic index (R g ), (f) glucose-6-phosphate (G-6-P) levels, (g) GS activity and (h) glycogen phosphorylase (GPh) activity under the above conditions. Data are mean ± SEM for n06 per group; *p<0.05 for main effect, AICAR; † p<0.05 for main effect, insulin; ‡ p<0.05 vs corresponding saline value Skeletal muscle iNOS activation is enhanced under conditions of chronic obesity and insulin resistance [8, 9] , while activation of AMPKα2 via AICAR has been shown to suppress iNOS in rodents and cell culture [12, 13] . In the present study, a short-term elevation of lipid levels was used to create insulin resistance. This was associated with reduced AMPKα2 activity in skeletal muscle and, as seen by others, increased skeletal muscle iNOS levels [46] . Infusion of Intralipid is sufficient to induce inflammatory markers in plasma [10] and skeletal muscle [47] of overnight fasted C57BL/6J mice. Indeed, Tnfα (also known as Tnf) expression increased in skeletal muscle after as little as 30 min of Intralipid [47] . Acute (24 h) infusion of TNFα suppresses AMPKα activity in mouse skeletal muscle [48] . Thus, it is quite possible that induction of TNFα over the 5 h Intralipid infusion protocol in the present study accounted for the observed suppression of AMPKα2 activity. However, the failure of AICAR-induced activation of AMPKα2 to normalise iNOS abundance or activity in skeletal muscle suggests that reduced AMPK activity is not directly linked to elevated iNOS activity. The dose of AICAR required to suppress iNOS in rodent skeletal muscle (bolus injection of 1,000 mg/kg [12] ) is markedly higher than that used in the present study (constant infusion of 1 mg kg −1 min −1 ). Thus, as with our finding pertaining to muscle glucose uptake, it is possible that the ability of high-dose AICAR to suppress iNOS expression/activation occurs through a mechanism that is independent of AMPKα2.
In conclusion, the acute induction of insulin resistance in healthy mice via an Intralipid infusion is sufficient to reduce AMPKα2 activity and increase iNOS activation in skeletal muscle in vivo. This impaired AMPKα2 activity does not appear to contribute to the increase in iNOS activation or the impaired rates of insulin-stimulated muscle glucose uptake. However, AMPKα2 activity does appear to play a role in determining the cellular fate of glucose within skeletal muscle. Chronic insulin resistance is associated with reduced muscle AMPKα2 activity [6, 14] and impaired glycogen synthesis rates [49] . The findings of the present study suggest a link between defective AMPKα2 activation in skeletal muscle and reduced glycogen synthesis rates.
